The synthesis of the two 7,8-epoxides of carvone has been attained using organocatalysis in a two-step synthetic route through a bromoester intermediate. Among the different reaction conditions tested for the bromination reaction, moderate yields and diastereoselection are achieved using proline, quinidine, and diphenylprolinol, yielding the corresponding bromoesters that were transformed separately into their epoxides, obtaining the enantiopure products.
Introduction
Carvone is a natural product frequently used as starting material for the synthesis of other naturally occurring compounds [1] . The interest in the carvone molecule as a chiral pool starting material is based on the presence of an α,β-unsaturated carbonyl in a cyclohexane ring with a chiral centre and an extra double bond in the isopropyl chain [2] [3] [4] [5] [6] . Regiospecific epoxidation of carvone has been a classical challenge in organic chemistry [7] . Epoxidation of carvone in the internal double bond has been achieved in a diasteroselective reaction controlled by the chiral centre in basic conditions. However, when the epoxidation of the isopropylidene group with m-CPBA is carried out, no diastereoselection is obtained [8, 9] . Recently, very interesting biological applications of the natural 7,8-epoxides mixture of carvone [10] have been described: of anti-inflammatory [10] , antifeedant, and phytotoxic [11] nature. To obtain these epoxy derivatives, the organic oxidants used for the epoxidation reaction are rather expensive and have to be used in a stoichiometric manner, and even in those conditions, the reaction yields are rather small. For these reasons, the interest in the synthesis of the 7,8-epoxides of carvone using catalysis has increased. Many metals have been used in this catalysed oxidation reaction: gallium [12] ; aluminium [12] ; vanadium and tungsten [13] ; and di-or tetracoordinated metals with diamines, mainly manganese [14] [15] [16] (Scheme 1) or iron [17] [18] [19] [20] , or chitosan based with manganese, copper, cobalt, or nickel [21] . In all cases, the diastereoselectivity was very small or even negligible. An alternative method used for the synthesis of the 7,8-carvone epoxides consisted of the enzymatic oxidation of carvone by cytochrome P450 cin [22] . In the last years, there We designed a different route based on the enantioselective halogenation of olefins by organocatalytic methods in order to obtain the required carvone epoxides. The halocyclization reactions have been a subject of interest for the organic chemist over the years [31] . Recently, the asymmetric halogenation of olefins has become an area of expansion, with many research groups interested in it [32] [33] [34] .
Due to the importance of the natural epoxides 3 and 4 for the synthesis of natural products [35] , where they act as starting materials, there has been a great interest in their synthesis. Notwithstanding this, to the best of our knowledge, they have not been separated or obtained separately. In this work, we report the synthesis of the 7,8-epoxyderivatives 3 and 4 separately from the bromoester derivatives of carvone 7 and 8 using an organocatalysed procedure.
Results and Discussion
Due to the different reactivity of the two double bonds of carvone, the enantioselective bromoalcohol functionalization of the terminal double bond can be achieved using an organocatalyst in acidic conditions. It has been known for a long time that the use of amino acids with NBS produces a bromine transfer into the amino acid, which, if chiral, could be used for enantioselective bromination [36] . It is also known that quinidine and quinine derivatives form complexes with halogen that have been used in enantioselective halocyclization reactions [37] . For these reasons, we selected the organocatalysts of Figure 1 (II-V) to obtain the corresponding bromoderivatives, listed in Table 1 . In this case, we decided to use acidic media to open the corresponding bromonium In the last years, there has been an increasing interest in metal-free reactions, with organocatalysis being one of the most interesting areas of research in organic chemistry [26] [27] [28] [29] [30] . An elevated number of chiral organocatalysts has been developed, where amines play an important role and comprise the main family of organocatalysts (Figure 1 ). achieved by chemoenzymatic methods [23] or with hydrotalcites and hydrogen peroxide [24] . Another strategy has been afforded, using N-bromosuccinimide (NBS) in DMSO and ulterior addition of bases [25] . In all these cases, no diastereoselectivity was found (0% diastereomeric ratio, d.r.)
Scheme 1. Synthesis of the epoxides with 42 d.r.
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Due to the different reactivity of the two double bonds of carvone, the enantioselective bromoalcohol functionalization of the terminal double bond can be achieved using an organocatalyst in acidic conditions. It has been known for a long time that the use of amino acids with NBS produces a bromine transfer into the amino acid, which, if chiral, could be used for enantioselective bromination [36] . It is also known that quinidine and quinine derivatives form complexes with halogen that have been used in enantioselective halocyclization reactions [37] . For these reasons, we selected the organocatalysts of Figure 1 (II-V) to obtain the corresponding bromoderivatives, listed in Table 1 . In this case, we decided to use acidic media to open the corresponding bromonium We designed a different route based on the enantioselective halogenation of olefins by organocatalytic methods in order to obtain the required carvone epoxides. The halocyclization reactions have been a subject of interest for the organic chemist over the years [31] . Recently, the asymmetric halogenation of olefins has become an area of expansion, with many research groups interested in it [32] [33] [34] .
Due to the different reactivity of the two double bonds of carvone, the enantioselective bromo-alcohol functionalization of the terminal double bond can be achieved using an organocatalyst in acidic conditions. It has been known for a long time that the use of amino acids with NBS produces a bromine transfer into the amino acid, which, if chiral, could be used for enantioselective bromination [36] . It is also known that quinidine and quinine derivatives form complexes with halogen that have been used in enantioselective halocyclization reactions [37] . For these reasons, we selected the organocatalysts of Figure 1 (II-V) to obtain the corresponding bromoderivatives, listed in Table 1 . In this case, we decided to use acidic media to open the corresponding bromonium intermediate. First of all, the bromination reaction of carvone, 1, was carried out by reaction with NBS and o-nitrobenzoic acid in order to facilitate the ester hydrolysis afterwards, and different organocatalysts, such as proline II, quinine III, quinidine IV, or diphenylprolinol V, using CH 2 Cl 2 as the solvent (Table 1) . intermediate. First of all, the bromination reaction of carvone, 1, was carried out by reaction with NBS and o-nitrobenzoic acid in order to facilitate the ester hydrolysis afterwards, and different organocatalysts, such as proline II, quinine III, quinidine IV, or diphenylprolinol V, using CH2Cl2 as the solvent (Table 1) . As displayed in Table 1 , when the reaction shown in Table 1 is carried out without a catalyst at room temperature (entry 1), the reaction is quite slow, giving mainly the allyl bromoderivative 5 and the mixture of the bromoesters 7 and 8 in relatively low yield, with carvone recovered in a 15% yield. To increase the reaction rate, the reaction was heated to 39 °C, finding no substantial increase in the yield of 7 or 8 (entry 2). Then, we carried out the organocatalysed reaction using proline II, quinine III, quinidine IV, or diphenylprolinol V at different temperatures and changing the load of catalyst. When proline II was used (entries 3-5), the yield in the required bromoesters (7 and 8), was increased with a moderated d.r., and no recovery of carvone was observed, also with a decrease in the quantity As displayed in Table 1 , when the reaction shown in Table 1 is carried out without a catalyst at room temperature (entry 1), the reaction is quite slow, giving mainly the allyl bromoderivative 5 and the mixture of the bromoesters 7 and 8 in relatively low yield, with carvone recovered in a 15% yield. To increase the reaction rate, the reaction was heated to 39 • C, finding no substantial increase in the yield of 7 or 8 (entry 2). Then, we carried out the organocatalysed reaction using proline II, quinine III, quinidine IV, or diphenylprolinol V at different temperatures and changing the load of catalyst. When proline II was used (entries 3-5), the yield in the required bromoesters (7 and 8), was increased with a moderated d.r., and no recovery of carvone was observed, also with a decrease in the quantity of the bromoderivative 5 produced. When the temperature was raised to 39 • C, the yield of the bromoesters 7 and 8 decreased, and also the diastereoselectivity. It is worth noticing that a larger amount of organocatalyst increased the diastereoselectivity moderately, but when heated, the diastereoselectivity decreased. A small quantity of a subproduct was identified as a mixture (3:1) of dibromoderivative 6 when proline was used as the organocatalyst (entries 3 and 4); due to the small amount obtained, the stereochemistry of the major diastereomer has not been determined. When quinine III is used as the catalyst (entries 6-8), it does not increase the yield for the obtention of 7 and 8, but an increase in the diastereoselectivity is achieved when a 20% load is used (entry 7), leading to a global yield of 48% for the bromoesters and a diastereoselectivity of 46%. When quinidine IV was used, it led to an increase in the yield and diastereoselectivity (entries 9-12); in particular, if 20% of quinidine IV was used at room temperature (entry 11), the yield of the bromoesters rose to 67% with a diastereoselectivity of 70%. When diphenylprolinol V was used as the organocatalyst (entries 13-16) the best results were observed at room temperature and at a 20% load (entry 15).
To sum up, our results show that the use of an organocatalyst enhances the yield for the obtention of the bromoesters 7 and 8, leading to moderate or good diastereocontrol, depending on the catalyst used and its load.
The structures of all the compounds were determined by their spectroscopic properties, and the stereochemistry was established by X-ray diffraction of the crystal structures of the bromoester 7 and 8 ( Figure 2) [38]. In this manner, there was not any doubt about the stereochemistry of these compounds.
Catalysts
of organocatalyst increased the diastereoselectivity moderately, but when heated, the diastereoselectivity decreased. A small quantity of a subproduct was identified as a mixture (3:1) of dibromoderivative 6 when proline was used as the organocatalyst (entries 3 and 4); due to the small amount obtained, the stereochemistry of the major diastereomer has not been determined. When quinine III is used as the catalyst (entries 6-8), it does not increase the yield for the obtention of 7 and 8, but an increase in the diastereoselectivity is achieved when a 20% load is used (entry 7), leading to a global yield of 48% for the bromoesters and a diastereoselectivity of 46%. When quinidine IV was used, it led to an increase in the yield and diastereoselectivity (entries 9-12); in particular, if 20% of quinidine IV was used at room temperature (entry 11), the yield of the bromoesters rose to 67% with a diastereoselectivity of 70%. When diphenylprolinol V was used as the organocatalyst (entries 13-16) the best results were observed at room temperature and at a 20% load (entry 15).
The structures of all the compounds were determined by their spectroscopic properties, and the stereochemistry was established by X-ray diffraction of the crystal structures of the bromoester 7 and 8 ( Figure 2) [38]. In this manner, there was not any doubt about the stereochemistry of these compounds. To shed some light onto the mechanism of the reaction, we carried out a conformational study of the landscape associated with the dihedral angle between C8-C7-C4-C3 of R-carvone. In these calculations, the solvent CH2Cl2 was simulated using the polarisable continuum model (see Methods for further details). The results, depicted in Figure 3 , show that there are three minima separated by low energy barriers that could be easily crossed at room temperature, as expected for the rotation along a single C-C bond. The most stable conformation corresponds to that with the side chain perpendicular to the phenyl ring and with the methyl group anti to the H of C5. Interestingly, the structure with the methyl group syn to the H of C5 corresponds to a maximum (both structures are shown in Figure 3 ). The structure of the three minima correspond to those found by Avilés and coworkers [39] for S-carvone, although there are some differences in the barrier heights that separate them, probably due to the different ab initio method used and the fact that no solvent was included in the simulations of the Ref. To shed some light onto the mechanism of the reaction, we carried out a conformational study of the landscape associated with the dihedral angle between C8-C7-C4-C3 of R-carvone. In these calculations, the solvent CH 2 Cl 2 was simulated using the polarisable continuum model (see Methods for further details). The results, depicted in Figure 3 , show that there are three minima separated by low energy barriers that could be easily crossed at room temperature, as expected for the rotation along a single C-C bond. The most stable conformation corresponds to that with the side chain perpendicular to the phenyl ring and with the methyl group anti to the H of C5. Interestingly, the structure with the methyl group syn to the H of C5 corresponds to a maximum (both structures are shown in Figure 3 ). The structure of the three minima correspond to those found by Avilés and coworkers [39] for S-carvone, although there are some differences in the barrier heights that separate them, probably due to the different ab initio method used and the fact that no solvent was included in the simulations of the Ref. [39] . Using the ab initio calculations, we could estimate that at 39 • C, R-carvone populates 58% of the lowest energy rotamer. These results are in good agreement with the experimental results in Table 1 , explaining why only a modest stereoselectivity was achieved in the absence of catalysts. Using the ab initio calculations, we could estimate that at 39 °C, R-carvone populates 58% of the lowest energy rotamer. These results are in good agreement with the experimental results in Table 1 , explaining why only a modest stereoselectivity was achieved in the absence of catalysts. Keeping in mind this conformational analysis, we suggest the reaction mechanism displayed in Figure 4 , where a hydrogen bond between the carbonyl group of carvone and the hydroxyl group of the organocatalyst stabilizes the complex VI, leading to a bromination of the alpha side and the entry of the nucleophile by the beta side, as shown in Figure 4 .
The bromoester derivatives 7 and 8 are intermediates in the synthesis of the epoxy derivatives of carvone. The hydrolysis reaction of 7 and 8 with alkali grants the synthesis of the epoxy derivatives 3 and 4, respectively (see Scheme 2). Keeping in mind this conformational analysis, we suggest the reaction mechanism displayed in Figure 4 , where a hydrogen bond between the carbonyl group of carvone and the hydroxyl group of the organocatalyst stabilizes the complex VI, leading to a bromination of the alpha side and the entry of the nucleophile by the beta side, as shown in Figure 4 .
R-carvone
The bromoester derivatives 7 and 8 are intermediates in the synthesis of the epoxy derivatives of carvone. The hydrolysis reaction of 7 and 8 with alkali grants the synthesis of the epoxy derivatives 3 and 4, respectively (see Scheme 2). 
Materials and Methods

Reagents
Unless otherwise stated, all chemicals were purchased as the highest purity commercially available and were used without further purification. Diethyl ether, tetrahydrofuran and benzene were distilled from sodium and benzophenone under argon atmosphere; dichloromethane and pyridine were distilled from calcium hydride under argon atmosphere.
Characterization
Melting points are uncorrected. 1 H and 13 C NMR spectra were recorded on a Bruker Advance 400 MHz DRX (400 MHz 1 H and 100 MHz 13 C) (Bruker Biospin, Wissembourg, France) and a VARIAN 200 (200 MHz 1 H and 50 MHz 13 C) (Varian Inc, Palo Alto, California, USA). Chemical shifts are expressed in δ (ppm) and coupling constants (J) are given in Hz. All spectra were performed in CDCl3 as solvent and referenced to the residual peak of CHCl3 at δ = 7.26 ppm for 1 H and δ = 77.0 ppm for 13 C.
X-Ray Crystallography
Single crystals of 7 and 8 for XRD (X-ray diffraction) analysis were obtained by slow evaporation of a solution in hexane/CH2Cl2 (98:2) at room temperature. X-ray diffraction intensity data were 
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Single crystals of 7 and 8 for XRD (X-ray diffraction) analysis were obtained by slow evaporation of a solution in hexane/CH2Cl2 (98:2) at room temperature. X-ray diffraction intensity data were Scheme 2. Synthesis of 7,8-carvone epoxides 3 and 4. Further research using S-carvone is in process in order to test the possible match-mismatch diastereoselectivity.
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Characterization
Melting points are uncorrected. 1 H and 13 C NMR spectra were recorded on a Bruker Advance 400 MHz DRX (400 MHz 1 H and 100 MHz 13 C) (Bruker Biospin, Wissembourg, France) and a VARIAN 200 (200 MHz 1 H and 50 MHz 13 C) (Varian Inc, Palo Alto, California, USA). Chemical shifts are expressed in δ (ppm) and coupling constants (J) are given in Hz. All spectra were performed in CDCl 3 as solvent and referenced to the residual peak of CHCl 3 at δ = 7.26 ppm for 1 H and δ = 77.0 ppm for 13 C.
X-Ray Crystallography
Single crystals of 7 and 8 for XRD (X-ray diffraction) analysis were obtained by slow evaporation of a solution in hexane/CH 2 Cl 2 (98:2) at room temperature. X-ray diffraction intensity data were collected for 7 and 8 compounds on a Bruker Kappa Apex II single crystal X-ray diffractometer (Bruker AXS Inc, Madison, Wisconsin, USA), equipped with graphite monochromator, CuK α (λ = 1.54178 Å) radiation and CCD detector. Suitable single crystals were mounted on a glass fiber using cyanoacrylate adhesive. The unit cell parameters were determined by collecting the diffracted intensities from 36 frames measured in three different crystallographic zones and using the method of difference vectors. Typical data sets consist of combinations of ω and φ scan frames with a typical scan width of 0.5 • and an exposure time of 10 s/frame at a crystal-to-detector distance of~4.0 cm. The collected frames were integrated with the SAINT software package (SAINT, Bruker AXS Inc, Madison, Wisconsin, USA) using a narrow-frame algorithm. Final cell constants were determined by the global refinement of reflections from the complete data set. Data were corrected for absorption effects using the multiscan method implemented in SADABS. Structure solutions and refinement were carried out using the SHELXTL software package (SHELXTL, Bruker AXS Inc, Madison, Wisconsin, USA). The structures were solved by direct methods combined with difference Fourier synthesis and refined by full-matrix least-squares procedures, with anisotropic thermal parameters in the last cycles of refinement for all non-hydrogen atoms. The hydrogen atoms were positioned geometrically.
Computational Methods
Electronic structure calculations were carried out using the Gaussian09 [40] suite of programs on R-carvone. The dihedral angle between C8, C7, C5, and C4 was scanned at a MP2/6-31+G(d,p) level of theory, finding three minima whose structures were further optimized at a MP2/6-311++G(d,p) level of theory. The frequencies corresponding to the three structures were calculated to ensure that they correspond to minima of the potential energy surface. Solvation effects were including using the polarizable continuum model [41] with the standard dielectric constant of 8.93 for dichloromethane. The geometry of the global minimum is given in Table 2 .
To rationalize the population of R-carvone in the surroundings of each minima, we calculated the canonical partition function, considering that each of the aforementioned scanned points corresponded to one different state. To a solution of catalyst (2% or 20%) in 20 mL of CH 2 Cl 2 , carvone 1 (1.00 g, 6.66 mmol), nitrobenzoic acid (1.56 g, 9.32 mmol), and N-bromosuccinimide (1.66 g, 9.32 mmol) were added. The reaction mixture was stirred for 6 days at room temperature or at 39 • C. After that, the solvent was evaporated and the resulting crude product was purified by chromatography on silica gel (n-hexane/EtOAc) to provide the isolated compounds: 5, 6, 7 and 8.
Example of synthetic protocol to access diastereomers esters 7 and 8, entry 3, Table 1 : Nitrobenzoic acid (1.56 g, 9.34 mmol) and N-bromosuccinimide (1.66 g, 9.38 mmol) were added to a solution containing proline II (15.3 mg, 0.13 mmol, 2% load) and carvone 1 (1.00 g, 6.66 mmol) in 20 ml of CH 2 Cl 2 . The resulting mixture was stirred for 6 days at given temperature, and then the solvent was removed under vacuum and the crude product was purified by column chromatography on silica gel (n-hexane/EtOAc, 7:3) to yield separately the desired bromoesters 7 (34%) and 8 (20%), d.r. 26%, and the side product was identified as the alkyl bromo derivative 5 (16%), together with the dibromoester compound 6 in a very low yield (4%). 
